In this study an inorganic mixture based on bischofite (industrial by-product), was developed and characterized for its application as a phase change material for low temperature thermal energy storage (TES). The most appropriate composition was established as 40 wt.% bischofite and 60 wt.% Mg(NO 3 ) 2 ·6H 2 O. Thermo-physical properties were defined and compared with those of the mixture with synthetic MgCl 2 ·6H 2 O. The heat of fusion and melting temperature were measured as 62.0 °C and 132.5 kJ·kg respectively. In addition, it was shown that supercooling may be reduced by increasing the quantity of material tested. Thereby, it was established that an inorganic mixture based on bischofite is a promising PCM for low temperature TES applications.
for the mixture with bischofite. The specific heat capacity values, cycling and thermal stability for both mixtures were also determined. For the mixture with MgCl 2 ·6H 2 O, the density of the solid and liquid states was of 1517 kg·m -3 (ambient temperature) and 1515 kg·m -3 (at 60-70 °C), respectively. For the mixture with bischofite, density of solid and liquid states was of 1525 kg·m
Introduction
Efficient and economical heat storage is the key to balance energy supply and demand. Amongst the various heat storage techniques, latent heat storage stands out because of the capacity to provide high energy storage density and to store heat at a relatively constant temperature. This why a lot of attention has been paid recently to phase change materials (PCMs), due to their wide range of potential application in different fields of latent heat storage.
One of the methods to expand the possible uses of the particular PCM is its mixing with other materials and the formation of eutectic mixtures with the melting temperatures different from those of the pure substances. Moreover, eutectics have sharp melting point similar to pure substance and their volumetric storage density is above organic compounds [1] . The mixture with composition close to eutectic, selected and investigated in our study has the melting temperature about 60 °C. For this value, one of the most studied applications of PCMs to date is in thermal storage tanks for hot water, where the desired operation temperature is around 55-60 °C [2] [3] [4] [5] . Moreover, in this temperature range phase change materials are already being used for thermal control of Li-ion batteries [6] [7] [8] , air conditioning [9] , transportation of food [10] , temperature sensitive pharmaceuticals, chemicals, etc. [11] .
For a PCM to be implemented on the industrial scale, a number of technical and economic requirements must be performed: firstly, a PCM must have a low cost USD/kWh t and secondly, it should be readily available. One of the trends in lowering the costs of PCM is to use waste, recycled materials, household and industrial wastes, or some low cost by-products [12] . In this sense, the mining industry of northern Chile produces tons of by-products and wastes accumulated with very low cost and no practical applications. In non-metallic mining, these byproducts usually appear in brine processing. In one of the cases of brine processing to obtain Li 2 CO 3 and KCl, in the last evaporation step bischofite precipitates [13] . The annual amount of the bischofite obtained is dependent on the production quantity of potassium and lithium compounds. In 2013 this amount was estimated about 100,000 t with the price of about 40 US$/ton [14] . This inorganic material currently doesn't have a reasonable application and basically just being stockpiled in waste dumps. It was shown in several investigations that bischofite is a good candidate to be used as latent heat storage material. Its main benefit is extremely low cost [12] [13] [14] [15] [16] . Bischofite is a hydrated salt composed by MgCl 2 ·6H 2 O (≥ 95wt. %) with some impurities. Its melting temperature is about 112 °C. That is why, to develop applications of this by-product as a PCM at lower temperatures, the mixture with magnesium nitrate hexahydrate Mg(NO 3 ) 2 ·6H 2 O was selected.
The literature review indicates that it is possible to obtain a number of mixtures MgCl 2 ·6H 2 O/Mg(NO 3 ) 2 ·6H 2 O with various fusion temperatures and heat of fusion, some of which are reported as eutectic, and have potential to be used as PCMs [17] [18] [19] [20] [21] [22] [23] . Available literature data related to the mixture of MgCl 2 ·6H 2 O and Mg(NO 3 ) 2 ·6H 2 O is summarized in the Table 1 . Mixtures used in the present study were prepared with synthetic salts and then with bischofite to find out the possibility of using of bischofite instead of synthetic MgCl 2 ·6H 2 O in the preparation of mixtures, which would significantly reduce the price of this PCM.
One of the main problems of PCMs based on salt hydrates is that of supercooling. Many authors indicate that adding of nucleating and thickening agents can decrease the supercooling value [24] [25] [26] . Recently, it has been shown that the increased volume of PCM used favors the nucleation process and also allows to reduce the supercooling [27] . In this study, the supercooling values obtained by DSC method were compared to those values, obtained by measurements using Ktype thermocouples with larger quantity of substance.
Therefore, this paper presents the possibility of producing a low temperature PCM for applications where the operating temperature is 55-60 ºC. In addition, the main innovation of this study is the use of a by-product without any further processing, in a mixture to be used in thermal energy storage.
Experimental part

Materials
Both magnesium chloride MgCl 2 ·6H 2 O and magnesium nitrate hexahydrate Mg(NO 3 ) 2 ·6H 2 O were synthetic salts purchased from Merck (99.0 %). Industrial by-product bischofite used in this study, has the following composition summarized in the Table 2 . 
Sample preparation
Initially, all salts samples were dried at 40 °C for 12 hours and then were placed in a desiccator, because of their strong hygroscopic properties. Then salts were grinded in a pounder and blended in the desired proportion (40-60 wt.%). The prepared mixtures were melted, well mixed and then crystallized again to ensure the composition homogeneity throughout the volume.
Thermal properties
Measurements of melting temperature, heat of fusion, specific heat capacity, thermogravimetric analysis and analysis of cycling stability were conducted.
A DSC Netzsch 204 Phoenix F1 with N 2 atmosphere (flow rate of 20 mL·min
) was used to measure the phase change temperature and the latent heat of fusion/crystallization, with the sample mass of about 10 mg. The measurements were performed in a range from 20 °C to 130 °C in sealed aluminum crucibles of 40 μL capacity. Moreover, the DSC method was used to determine the cycling stability of the samples between −15 °C and 130 °C, subjecting them to 50 freezing-melting cycles with a rate of 10 K/min. Specific heat analysis was performed in the range from 20 °C to 130 °C with sapphire as a reference material. Sealed aluminum crucibles of 40 μL capacity were used. For each sample there have been carried out three measurements: with an empty crucible to obtain a baseline, with a reference material and with the hydrated salt mixtures.
In addition to the DSC method, measurements with PCE type-K temperature sensors (accuracy ±(0.4% + 1°C)) were performed to reveal the thermal performance of chosen mixtures with the larger amount of substance (about 7-8 g). The scheme of experiments is presented in Fig. 1 . 
Ultra with
Results
Thermal properties
The results of the determination of melting/crystallization temperature and heat of fusion/crystallization, and also the variation of these parameters during the fifty cycles are summarized in Table 3 . (Table 3 and Fig. 2) indicates that the heat of fusion and the melting temperature of the mixture with bischofite are slightly lower than those of the mixture with MgCl 2 ·6H 2 O. Moreover, peak of fusion/cristalization on the DSC curve of bischofite is wider than that of MgCl 2 ·6H 2 O indicating the presence of impurities. In case of mixture with bischofite the supercooling decreases by 10.7 °C, which may also be justified by the presence of various impurities in the mineral which act as additional nucleation centers (see Table 2 ). Both mixtures have shown good cycling stability during 50 melting-crystallization cycles. [14] , and due to the . In addition to the DSC method, tests with K-type thermocouples were performed to reveal the thermal behavior of chosen mixtures. The results of these measurements are presented in Figure  4 . oth samples reaching 13 (Fig.5) 
Physical properties: density and viscosity
The results of density and viscosity measurements are shown in the Table 6 . Moreover, Table 7 contains data of pure salts densities in solid and liquid state reported in literature. Comparing the Table 6 and 7 it can be concluded that density values obtained for the mixtures during this study show similarity with the data available in literature for pure salts [14] . Viscosity measurements were carried out with molten mixtures in the range from 60 °C to 110 ºC with different torque speeds from 10 to 80 rpm (Fig. 6, 7 ). It can be seen, that viscosity decreases with increasing temperature and moreover there is practically no dependence of viscosity values on torque speed, which indicates that the PCM shows behavior close to Newtonian. Therefore, 50 rpm velocity was chosen to represent viscocity dependence on temperature (tables 8 and 9). (at 60-70 °C), respectively. For the mixture with bischofite the density of the solid and liquid state was of 1525 kg·m -3 (ambient temperature) and 1535 kg·m -3 (at 60-70 °C), respectively. Finally, as most inorganic salt hydrates, the studied mixture presents supercooling.
